This study sought to examine the changes in ventricular function of hypoplastic left heart syndrome (HLHS) between the first 2 stages of surgical palliation. 
W
ith improved surgical techniques and perioperative care, early mortality for hypoplastic left heart syndrome (HLHS) after Norwood/Sano procedure is as low as 6% (1) . However, interstage mortality remains high with 2-year mortality at 19% (1) . Independent risk factors for early and long-term mortality in post-HLHS palliation include tricuspid valve regurgitation (2) 
and right
See page 138 ventricular (RV) dysfunction (3) (4) (5) . The pathophysiological processes involved in progressive RV dysfunction may include maladaptation to systemic pressure, inadequate or inappropriate hypertrophy, effects from bypass ischemia, inadequate coronary flow reserve, and dyssynchronous myocardial contraction (6 -11) . Despite the importance of RV dysfunction in the early stages of surgical palliation, there is a paucity of published reports studying its evolution, as conventional echocardiographic measure of the nongeometric RV function is difficult. This study investigates the usefulness of newer speckle tracking imaging (STI) in estimation of RV function in HLHS. In addition, we hypothesize that important relationships exist between RV contraction pattern (12) , mechanical dyssynchrony (6), post-systolic strain index (PSSi) (a potential marker of myocardial ischemia) (13) , and magnetic resonance imaging (MRI)-derived RV parameters in HLHS.
M E T H O D S
Study population. This was a prospective study of patients with "classic" HLHS at 2 tertiary pediatric referral centers since January 2007. Variants of HLHS such as critical aortic stenosis, unbalanced atrioventricular septal defect, and heterotaxy were excluded. Patients who had completed both first and second stages of surgical repair were selected for analysis. The study was approved by the research ethics boards at both institutions.
PRE-NORWOOD CARE.
Patients with prenatal diagnosis were delivered at a high-risk perinatal center, commenced on prostaglandin E 1 (0.02 g/kg/min), and ventilated when necessary for apnea, or transportation to the tertiary institution. Acid-base status and lactate were noted at time of echocardiography. Surgical variables collected included: age at surgery, bypass time, cross clamp time, and circulatory arrest time.
PRE-BIDIRECTIONAL CAVOPULMONARY ANASTO-MOSIS CARE.
Patients returned at 3 and 6 months for a sedated echocardiogram using chloral hydrate (70 to 80 mg/kg). If the echocardiogram did not identify risk factors (coarctation of the aorta, pulmonary vein stenosis, restrictive interatrial communication, or significant qualitative global RV dysfunction) patients underwent cardiac MRI under general anesthesia within 30 days to assess pulmonary arteries, Norwood anastomosis, aortic arch, and RV function prior to bidirectional cavopulmonary anastomosis (BCPA). Two-dimensional echocardiography. Standard clinical echocardiogram was performed on a Vivid 7 ultrasound machine (GE Medical Systems, Milwaukee, Wisconsin) with electrocardiogram and respiratory tracings. Additional 2-dimensional grayscale images were captured at the basal short axis and apical "4-chamber" (4CH) plane, optimized for higher frame rate (108 Ϯ 24 Hz).
Two-dimensional echocardiography parameters analyses. Traditional parameters for assessment of RV function and size were selected from current recommendations for RV assessment in biventricular hearts (14) . They included: 1) tricuspid annular plane systolic excursion (TAPSE) for longitudinal systolic RV function; 2) myocardial performance index and isovolumic acceleration (IVA) (Fig. 1) , derived from color tissue Doppler imaging (TDI) assessment of annular velocities; and 3) RV fractional area change.
Measurements of ventricular function using STI analysis. Two-dimensional grayscale images were analyzed using commercially available software (EchoPAC version 7.1, GE Medical Systems) for strain and strain rate estimation. Measurements were accomplished by the following steps: 1) the systolic period was measured from onset of Q-wave to neoaortic valve closure on M-mode; 2) single cardiac loop at end expiration from basal short-axis and 4CH view was selected; 3) endocardium was traced and a speckle tracking region of interest was adjusted to fit the wall thickness; 4) the speckle tracking algorithm then divided the myocardium into 6 segments in both the basal short-axis and the 4CH view. Manual adjustments were made to ensure 2 interventric- 
ular septal segments were tracked accurately over the shortened interventricular septum (Fig. 2) ; and 5) strain and strain rate results over time were then displayed over time. Derived measurements from STI. Peak strain, strain rate, and time-to-peak strain were automatically calculated from the combined deformation of the myocardial segments in each imaging plane.
Ratio of longitudinal/circumferential peak strain (4CH/basal strain) was calculated to represent the relative contribution of longitudinal and circumferential contraction to RV ejection.
Post-systolic strain index represents the fraction of strain that occurs after neoaortic valve closure. It was calculated from peak strain subtracted by peak systolic strain, divided by peak strain (Fig. 3) .
Mechanical dyssynchrony index (MDI) was measured from time-to-peak strain in all 6 segments in each imaging plane normalized as a percentage of systole, with 0% at beginning of the Q-wave and 100% at neoaortic valve closure (Fig. 4) . It was calculated from the standard deviation of the time-to-peak strain of the 6 segments at basal circumferential and 4CH longitudinal planes. Cardiac MRI. Pre-BCPA cardiac MRI was performed in 12 patients under general anesthesia and free breathing using a 1.5-T scanner (Siemens Avanto, Erlangen, Germany). The median number of days between pre-BCPA echocardiography and MRI was 30 days (range 0 to 80). Prospectively gated steady state free precession cine images were acquired in contiguous shortaxis locations, parallel to the tricuspid valve annulus, spanning the RVs from base to apex (echo time: 1.5 to 1.8 ms, repetition time: 3.0 to 3.6 ms, 7 views per segment, temporal resolution 20 to 25 ms, flip angle: 56°, matrix size: 192 to 
Figure 2. 4CH and Basal Short-Axis Imaging Planes With Region of Interest During STI
The 4-chamber (A) and basal short-axis (B) imaging planes with the associated manually selected region of interest during speckle tracking imaging analysis. In each imaging plane, the region of interest was divided into 6 segments, with 2 smaller segments assigned to left ventricular interventricular septum. LA ϭ left atrium; LV ϭ left ventricle; RA ϭ right atrium; RV ϭ right ventricle; STI ϭ speckle tracking imaging; 4CH ϭ 4-chamber.
256, field of view: [155 to 225] ϫ [123 to 256] mm 2 , slice thickness: 5 to 6 mm, 3 to 4 averages). Both RV end-diastolic and end-systolic volumes and RV mass were measured using offline software (Argus, Siemens) by a single observer using standard analysis methods and indexed to body Six color-coded curves represent strain in each segment corresponding to color-coded segments in the short-axis 2-dimensional image (upper left). All time measurements were normalized to systole with 0% at onset of Q-wave and 100% at AVC (green dashed lines). Yellow arrow was a representative normalized time-to-peak strain. Red triangles indicate time at peak strain for each of the 6 segments used to calculate mechanical dyssynchrony index. Abbreviation as in Figure 3 .
surface area (15) . The RV ejection fraction and mass/volume ratio were calculated from this data. Statistical analysis. Results are expressed as median with {quartiles} unless otherwise stated. For comparison of continuous variables, paired Wilcoxon signed rank sum test was used. Correlations between pre-BCPA echocardiographic and MRI parameters were analyzed using Spearman correlation coefficients. Statistical significance was defined as p Ͻ 0.05. Interobserver variability testing was performed for peak strain, peak strain rate, time-to-peak strain, PSSi, and MDI by an independent blinded observer. Absolute differences between observers, within subject SD, repeatability (calculated as 2.77 ϫ within subject SD), and intraclass correlation coefficients were analyzed (16, 17) .
R E S U L T S
This study consisted of 46 patients with classical HLHS who were prospectively recruited. Three patients died within 30 days of Norwood/Sano palliation (6.5%) and a further 7 died within the interstage period (15%). Sixteen patients have yet to undergo BCPA, with 20 completing BCPA palliation. Only the 20 patients who completed their first 2 stages of surgical palliation were included in our analysis. Clinical variables. More than half the patients had a prenatal diagnosis and 65% were ventilated (Table 1) . Pulse oximetry blood saturation was significantly lower at time of pre-BCPA echocardiography, 79% versus 88% before Norwood procedure (p ϭ 0.0002). The proportion of patients with moderate tricuspid valve regurgitation was unchanged. Twelve-lead electrocardiographic measurement of QRS duration was not statistically different between stages. No relationship was found among Norwood surgical variables-age of surgery: 13 days {7, 16}, bypass time: 96 min {77, 158}, cross-clamp time: 46 min {35, 61} and circulatory arrest time: 24 min {19, 31}-with pre-BCPA strain, strain rate, PSSi, and MDI. Longitudinal peak systolic strain (p ϭ 0.009) was reduced before BCPA whereas circumferential peak systolic strain was unchanged (Table 3 ). This was reflected by a reduction in 4CH/basal peak strain ratio (p ϭ 0.001) before BCPA. Pre-BCPA 4CH/basal peak strain ratio correlated positively with basal 6-segment MDI (r ϭ 0.64, p ϭ 0.002) but not with the 4CH 6-segment MDI (r ϭ 0.07, p ϭ 0.77). We observed a delay in time-to-peak strain before BCPA (basal: 106% {95, 117} vs. 114% {108, 129}, p ϭ 0.006; 4CH: 101% {98, 104} vs. 112% {106, 119}, p ϭ 0.0002) and a reduction in peak strain rate (basal: p ϭ 0.0003; 4CH: p Ͻ 0.0001), both these findings being reflected by an increase in PSSi (basal: 0.01 {0.00, 0.08} vs. 0.08 {0.03, 0.25}, p ϭ 0.005; 4CH: 0.01 {0.00, MRI ϭ magnetic resonance imaging; RV ϭ right ventricular; RVEF ϭ right ventricular ejection fraction; other abbreviations as in Tables 2 and 3 .
0.02} vs. 0.05 {0.01, 0.12}, p Ͻ 0.0001) before BCPA. Both MDI parameters were reduced before BCPA.
Strain and strain rate parameters correlations with MRI RV parameters. Conventional 2-dimensional echocardiographic parameters that correlated with MRI parameters were RV areas (surrogate of RV size) and the fractional area change (Table 4) . Longitudinal plane displacement or velocity-derived measures of systolic function TAPSE and TDI s= held no correlation with MRI measurements of RV volume, function, or mass, nor did RV sphericity index. IVA, a measure of cardiac contractility did not hold significant correlations with MRI RV volumes and ejection fraction.
Circumferential strain and strain rate correlated closely, better than longitudinal, with MRIderived RV volumes, function, and mass. Basal circumferential 6-segment MDI (Fig. 5 ) had good correlation with MRI-derived RV function. The increasing dominance of circumferential strain represented by reducing 4CH/basal strain ratio before BCPA, had linear correlations with RV end-diastolic volume index and mass (Fig. 6 ).
No linear correlation was found between PSSi and MRI-derived RV parameters.
Interobserver variability of novel speckle tracking parameters. Novel measures for strain, strain rate, time-to-peak strain, PSSi, and MDI in the basal and 4CH planes showed minimal variability be- 
tween observers (Table 5 ). Importantly 1.96 ϫ within subject SD was small, a measure of the expected difference from the true value for 95% of measurements. The intraclass correlation coefficients (r ϭ 0.75 to 0.91) were high, supporting their reproducibility. The repeatability value was also small for all novel parameters tested.
D I S C U S S I O N
This study documents the changes in RV function between the first 2 stages of surgery for HLHS, in particular the relationship to RV size, mass, and contraction synchrony. We observed adaptation to a more left ventricle (LV)-like contraction pattern, the development of RV post-systolic strain, and the presence of RV mechanical dyssynchrony. Mechanical dyssynchrony was not only present, but also correlated with RV dysfunction. Adaptive changes in contraction pattern. In normal biventricular hearts, shortening of the RV myocardium is greater longitudinally (18) . However, when the RV is the systemic ventricle, it adopts a LV-like circumferential dominance contraction pattern (12) . This was seen in our cohort by a decrease in the relative longitudinal-to-circumferential strain ratio. Furthermore, lack of adaptation to a LV-like contraction pattern was associated with an increase in mechanical dyssynchrony, ventricular dilation, and mass. Similar findings have been found in patients with idiopathic pulmonary arterial hypertension when the RV failed to adopt a LV-like contraction pattern (7) . This is consistent with the current understanding of ventricular mechanics as circumferential fibers have a mechanical advantage due to myocyte contractile units being aligned along the smallest curvature of the RV free wall, allowing the most efficient generation of inward radial force (19) . These changes in the RV contraction pattern are presumably an important adaptive process to maintain RV efficiency when facing chronic systemic pressures. MDI and RV function. The presence of longitudinal contraction dyssynchrony in HLHS has been described, but not its relationship with RV function (6) . Adults with varying degrees of idiopathic pulmonary arterial hypertension demonstrated RV mechanical free-wall delay, correlating strongly with RV fractional area change (20) . As well, a moderate correlation of RV mechanical dyssynchrony with RV ejection fraction and predicted maximum oxygen consumption was demonstrated in the systemic RV post-atrial switch for transposition of the great arteries (21) . Our study is the first to demonstrate a significant relationship between RV mechanical dyssynchrony and MRI-derived RV function in classical HLHS. Increased basal circumferential mechanical dyssynchrony was closely associated with increased RV volume and mass, as well as ventricular dysfunction. The lack of a relationship between longitudinal mechanical dyssynchrony and RV function is consistent with previous findings in HLHS (6) . This highlights the importance of measuring circumferential contraction when evaluating RV function in this population. The association of mechanical dyssynchrony with RV mass may reflect RV remodeling through compensatory hypertrophy. Literature to date, however, remains controversial as to whether an increase or decrease in RV mass/volume ratio confers survival advantage (22, 23) .
The pathophysiological mechanism for the unexpected finding of improved mechanical synchrony before BCPA remains unclear; however, it may be related to the cardiovascular transition from fetal to neonatal life. In those with single ventricle physiology, cardiac output would have to increase 2 to 3 times that Other abbreviations as in Table 3 .
in fetal life to maintain adequate oxygen saturation post-natally (22) . The greater degree of mechanical dyssynchrony prior to the Norwood palliation may reflect maladaptation of the single RV to early postnatal demands. Post-systolic strain index. Increased post-systolic strain is a novel finding in the HLHS population at the pre-BPCA stage, and its significance is unclear.
As post-systolic strain can occur in healthy myocardium, pathological post-systolic strain has been characterized to be transient in nature, of a larger magnitude, and a greater delay to peak strain after aortic valve closure (13) . Post-systolic strain has been suggested as a marker of myocardial dysfunction resulting from ischemia (24) and myocardial contrast echocardiography demonstrated a negative correlation of post-systolic thickening with regional myocardial perfusion (25) . Increased post-systolic strain in the RV has been observed during an acute increase in afterload (26) . In the single LV after Fontan, increased mechanical dyssynchrony and post-systolic contraction was demonstrated using digitized angiography (27) . Recently, coronary flow reserve mismatch was found in post-Fontan patients using stress positron emission tomography and implicated as a mechanism of ventricular dysfunction (10) . Thus, the alterations in post-systolic strain in our HLHS population when paralleled by deterioration in RV contractility are most likely significant findings.
Conventional 2-dimensional measures of RV systolic function. Conventional 2-dimensional measures of RV function in HLHS are challenging due to the nongeometrical shape of the RV with interpretation being complicated by changes in RV volume load between staged palliations (22, 28) . The reduction in indexed TAPSE, TDI s= velocity, and IVA reflect a reduction in global longitudinal systolic function between stages but provide no insight into circumferential alterations or mechanical dyssynchrony. Indeed, these traditional parameters of longitudinal function failed to account for the normal adaptation of the RV when faced with systemic pressure, and the increasingly dominant role of circumferential contraction. Clinical implications. Our findings suggest progressive RV dysfunction in HLHS and identify several potential mechanisms important to RV function. First, it may be important for the RV to adopt a LV-like contraction pattern, which is associated with more efficient contraction mechanics. Second, circumferential mechanical synchrony is important for RV function and the prospect of resynchronization therapy for the failing RV in HLHS may be clinically relevant. The experience of early post-operative resynchronization in a mixed cohort of single ventricle patients was associated with improved cardiac output, blood pressure, and MDI (29) . However, recommendations for permanent cardiac resynchronization therapy in single ventricle patients are still unclear, especially in those with RV morphology (30) . Third, albeit more speculative, increased post-systolic strain may indicate that myocardial ischemia has a role in the deterioration of RV performance. This potential link may be significant and warrants further investigation. Study limitations. Despite the relatively small sample size, the differences and correlations reported were highly significant in most and unlikely to represent a Type I error in statistics. Changes in volume load during the first 2 stages of surgical palliation for HLHS may have an impact on some echocardiographic measures of RV function performed. However, the measured indexed RV end-diastolic area, a surrogate for RV volume load, was not significantly different between stages. We also included measurements of IVA and strain rate, both of which are relatively load-independent markers of myocardial function.
C O N C L U S I O N S Ventricular strain, strain rate, and mechanical synchrony using STI were reproducible and correlated closely with RV function providing a potential tool for monitoring ventricular function in HLHS. RV myocardial contractility was reduced prior to BCPA. The systemic RV showed increased dominance of circumferential contraction and this adaptation to a more LV-like contraction pattern was associated with better ventricular mechanics before BCPA. The observation of progressive increase post-systolic strain in HLHS is novel. Its potential link to myocardial ischemia is tantalizing and warrants further investigation.
